The origin of genomes — not by natural selection? The Origins of Genome Architecture2007Michael Lynch, Sinauer Associates IncSunderland, Massachusetts978-0-87893-484-3  by Charlesworth, Brian
Current Biology Vol 18 No 4
R140The origin of 
genomes — not by 
natural selection?
Brian Charlesworth
The Origins of Genome Architecture 
Michael Lynch, Sinauer Associates 
Inc, Sunderland, Massachusetts, 2007. 
ISBN 978-0-87893-484-3
Most of the familiar features of 
living organisms show clear signs of 
adaptation of structure to function. 
There is overwhelming evidence that 
this is the outcome of evolution by 
natural selection. It is, accordingly, 
tempting to assume that the 
same applies to the more subtle 
aspects of biological organisation 
uncovered by the past century of 
research in genetics, cell biology 
and molecular biology. No doubt 
in many cases this assumption 
is true. In this wide- ranging and 
ambitious book, Michael Lynch 
sets out to challenge the view that 
natural selection rules supreme at 
the level of the organisation of the 
genome. His provocative argument 
is that the most important features of 
genomes, especially of eukaryotes, 
are the outcomes of evolutionary 
forces acting in the absence of, or in 
opposition to, natural selection. 
Lynch’s core argument, presented 
in Chapter 4 after three chapters 
describing the factual background, 
is based on one of the major findings 
of classical population genetics. This 
result asserts that the effectiveness 
of selection is determined jointly by 
the intensity of selection and the size 
of the population, more specifically 
the effective population size (Ne). 
The inverse of Ne is a measure of 
the rate of evolutionary change 
under genetic drift, the process 
by which the sampling of allele 
frequencies in the transition from one 
generation to the next causes random 
changes in the genetic make-up of 
a population. At equilibrium with 
both drift and mutation to selectively 
neutral variants, the expected level of 
variability at a single nucleotide site is 
equal to 4Ne u, where u is the mutation 
Book review rate per base-pair per generation. Knowing u, we can thus estimate Ne 
from data on levels of DNA sequence 
diversity within a species, assuming 
neutrality of silent mutations that leave 
coding sequences unaltered. 
For a pair of allelic variants under 
selection, we can quantify the strength 
of selection in terms of the selection 
coefficient s, where 1+s is the ratio 
of the fitness values of the fittest and 
least fit genotypes. The chance that 
a new mutation spreads through the 
population, and eventually displaces 
its alternative (the fixation probability), 
is a highly non-linear function of the 
product Ne s (Lynch’s Figure 4.2). If 
the mutation is deleterious, it has 
a negligible fixation probability 
if Ne s is greater than 1, but has 
almost the same chance of fixation 
as a purely neutral mutation when 
Ne s is much smaller than 1. A 
selectively favourable mutation is 
also effectively neutral if Ne s is 
much smaller than 1, but behaves 
as though the population is infinitely 
large if Ne s is greater than 1. For 
both types of mutation, there is a 
rather abrupt transition between 
these two extremes as Ne s changes. 
Lynch argues that the available 
evidence on DNA sequence 
variability and mutation rates shows 
there are large differences in Ne 
and u among different classes of 
organisms. Free-living bacteria and 
many single-celled eukaryotes are at 
one extreme with Ne values in tens 
or hundreds of millions and a typical 
estimate of 4Ne u of 0.1. At the other 
extreme, we have large multicellular 
organisms like humans, with an Ne of 
a mere 10,000 and a 4Ne u of less than 
0.001. Small multicellular organisms, 
like Drosophila, are somewhere 
in between (Lynch’s Figure 4.8). 
Paradoxically, therefore, the most 
complex creatures are the least likely 
to be under the effective control of 
selection. They also have the largest 
genomes in terms of amount of 
DNA, the largest and most numerous 
introns, the most complex non-coding 
regulatory sequences, the largest 
numbers of gene families derived by 
duplication, and the largest fraction 
of DNA contributed by transposable 
elements. 
This, according to Lynch, is no 
coincidence. If these features of 
the genome are slightly deleterious 
in terms of their effects on the 
fitnesses of their carriers, then it is much more likely that they will 
become established in the genomes 
of species with small, rather than 
large, effective population sizes. 
Thus, for transposable elements he 
argues in Chapter 7 that their spread 
as a result of their ability to produce 
extra copies of themselves can be 
checked by selection against their 
negative fitness effects when Ne is 
more than 10,000, but not for smaller 
Ne. This is qualitatively consistent 
with the empirical evidence from 
genome sequence comparisons that 
transposable element abundance is 
high only in species with genome size 
larger than 10 megabases (Figure 7.7), 
and that genome size is negatively 
correlated with estimated values 
of 4Ne u (Figure 4.8); this translates 
into a negative correlation between 
transposable element abundance  
and Ne.
The argument for introns, presented 
in Chapter 9, is a little more complex. 
Lynch assumes that a new intron 
in a gene can be generated by an 
insertional mechanism; in ancestral 
eukaryotes these events perhaps 
involved Group 2 self-splicing introns. 
Such an insertion may mutate to 
a new sequence that cannot be 
spliced out of the pre-mRNA, causing 
an effectively lethal mutation. He 
estimates that the probability per 
generation of such an event is 
approximately 25 times the mutation 
rate per base-pair. He proposes 
that this means an average fitness 
reduction per generation of about 25u, 
which can be substituted for s into 
the equation for fixation probability. 
This implies that introns are unlikely to 
become fixed if 4Ne u is greater than 
0.04, consistent with the evidence 
that introns are largely lacking from 
organisms with such high levels of 
genetic variability (Figure 9.7). 
These two examples illustrate 
the flavour of the arguments used 
throughout the book. The reasoning 
is ingenious and Lynch has 
painstakingly accumulated evidence 
in favour of his interpretations from 
a mass of literature on genomics 
and molecular population genetics. 
The synthesis of this evidence is 
very valuable in itself. But there is 
a real question as to whether his 
explanations are the whole truth, 
part of the truth, or simply wrong. 
My suspicion is that they are part of 
the truth. In many cases, however, the 
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What attracted you to biology in 
the first place? The wrong things. 
I attended the local grammar school 
in Sunderland and had a master who 
was not a particularly good biologist, 
but to an impressionable schoolboy 
seemed like a renaissance man: 
interested in sport, poetry, music, 
drama, art, architecture, politics and 
travel. He taught me how to pole vault. 
If biology was good enough for him, 
it must be fine for me. Once hooked 
I never regretted it. He suggested 
that I should apply for Cambridge 
because it was “the best for science” 
and I obtained a place in 1954, before 
discovering I needed school certificate 
(now O-level) Latin, which I obtained 
by the educationally dubious process 
of acquiring what could be described 
as tourist’s Italian and learning Virgil’s 
Aeneid Book III by heart. I particularly 
liked the fact that biology was so 
diverse and such a complex system 
(a term not in use then) that even a 
student could do an experiment and 
discover something interesting.  
It’s still true. 
Q & Atheories rigorously. Here are some of my reservations.
One generic problem is that Lynch’s 
evidence comes from broad brush 
comparisons of extremely disparate 
types of organism. It is true that, on 
average, bacteria have much large Ne 
values than most eukaryotes for which 
we currently have data, but they differ 
in numerous other respects as well, 
for example lack of regular sexual 
reproduction. As all good comparative 
biologists know, it is very difficult to 
disentangle cause and correlation 
from wide comparisons. Alternatives 
to many of Lynch’s explanations of 
the patterns can be envisaged, and 
his arguments do not seem to rule 
these out. For example, as he himself 
describes in Chapter 7, the spread 
of transposable elements through 
the genomes of a host population is 
dependent on some degree of sexual 
exchange between members of the 
populations, and the correlations 
described by Lynch could thus at 
least partly be explained by lack of 
such exchange. Furthermore, his 
insistence on the importance of Ne is 
undermined by the fact that models 
of the maintenance of transposable 
elements in intergenic regions (where 
insertions have little direct effects 
on fitness) show that there is no 
difficulty in their establishment in 
very large populations. In accordance 
with this, maize and its relatives are 
chock-a-block full of transposable 
elements, yet have levels of DNA 
sequence variability as large or larger 
than Drosophila species, with their 
relatively low levels of transposable 
elements. 
In relation to the evolution of 
introns, Lynch’s model of their 
origin looks rather strained in 
relation to the evidence that introns 
seem to have been fairly prevalent 
in ancestral eukaryotes, so that 
their rarity and small size in many 
unicellular eukaryotes is a result of 
secondary loss. It is also undermined 
by evidence for high levels of DNA 
sequence diversity in some species of 
multicellular organisms with introns. 
Could it be that the invention of regular 
sexual reproduction made it easier for 
mobile, initially self-splicing introns to 
invade the genome in large numbers? 
This possibility is not explored by 
Lynch, who resorts (p. 261) to the 
untestable hypothesis that there was 
a long period of reduced Ne among 
ancestral eukaryotes. This is getting dangerously close to the adaptationist 
just-so stories that he ridicules in the 
final chapter. 
There are other difficulties worth 
mentioning. One is that, despite 
his advocacy of the importance of 
population genetics, use is made of 
only a limited set of the tools available 
in modern population genetics. 
For instance, recent work using 
comparisons of between-species 
divergence and within-species 
variability to detect departures from 
neutrality increasingly suggests that 
much non-coding sequence is under 
selection, yet this is not mentioned. 
Of course, this is not fatal to Lynch’s 
general thesis, as it can always be 
argued that non-selective forces 
established the non-coding sequences 
in the first place, but it does make one 
wonder.
Despite these criticisms, Lynch’s 
book is essential reading for anyone 
interested in this hugely important 
subject. It has provided us with a 
uniquely valuable overview of genome 
evolution, albeit heavily biased towards 
Lynch’s own interpretations. I am 
especially in sympathy with the strong 
statements in the final “Genomfart” 
chapter (the joke is explained on 
p. 364) that “nothing in evolution 
makes sense except in the light of 
population genetics”, and with the 
criticisms of dubious but fashionable 
concepts such as ‘evolvability’. 
It is too early to tell how well Lynch’s 
own ideas will fare in the face of the 
evidence, although the concept of 
‘sub-functionalization’ (by mutational 
loss of different sequence components 
in different members of a set of 
duplicate genes) seems to be receiving 
significant empirical support. There 
are reasons to expect that rigorous 
comparative tests of hypotheses about 
genome evolution will come to be 
based on careful contrasts of related 
taxa, differing in far fewer features 
that those used by Lynch. At present, 
there are too few genome sequences 
of independent pairs of related species 
to make this feasible on a large enough 
scale for there to be much statistical 
power in such independent contrasts, 
but the advent of rapid sequencing 
methods will probably remedy this 
fairly soon.
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